2002; Isaacs et al., 2003). Studies in S. cerevisiae sub-5 Physical Biosciences Division sequently demonstrated that noise in eukaryotic tran-Lawrence Berkeley National Laboratory scription and translation alone could lead to population Berkeley, California 94720 variability (Becskei et al., 2001; Blake et al., 2003; Raser and O'Shea, 2004). Studies of a bacterial virus, λ phage, have demon-Summary strated that the phage's lysis/lysogeny life-cycle decision is a paradigmatic example of how stochastic ther-HIV-1 Tat transactivation is vital for completion of the mal fluctuations in chemical reaction rates can induce viral life cycle and has been implicated in determining variability and influence a life-cycle decision. Stochasproviral latency. We present an extensive experimentic expression from phage λ's divergent p R and p RM tal/computational study of an HIV-1 model vector promoters is critical in controlling the λ switch and can (LTR-GFP-IRES-Tat) and show that stochastic fluctuaexplain the phage's nondeterminic lysis/lysogeny choice tions in Tat influence the viral latency decision. Low (Arkin et al., 1998). Subsequent experimental measure-GFP/Tat expression was found to generate bifurcating ments of expression from the λ promoter and its operaphenotypes with clonal populations derived from single tion in synthetic circuits confirmed its fundamentally proviral integrations simultaneously exhibiting very stochastic nature (Elowitz and Leibler, 2000). There is high and near zero GFP expression. Although phenoalso evidence that mammalian DNA viruses, such as typic bifurcation (PheB) was correlated with distinct simian virus 40 and cytomegalovirus, control lysogeny genomic integration patterns, neither these patterns (or latency) life-cycle decisions without relying on PEVnor other extrinsic cellular factors (cell cycle/size, aneulike mechanisms (Hanahan et al., 1980; Reddehase et ploidy, chromatin silencing, etc.) explained PheB. Stoal., 2002). Here, we explore whether latency in the retchastic computational modeling successfully accounted rovirus HIV-1 can be explained by stochastic gene exfor PheB and correctly predicted the dynamics of a pression. Tat mutant that were subsequently confirmed by ex-The human immunodeficiency virus type 1 (HIV-1) esperiment. Thus, Tat stochastics appear sufficient to tablishes a long-lived latent reservoir in vivo by persistgenerate PheB (and potentially proviral latency), iling as a stable integrated provirus in memory CD4 + T lustrating the importance of stochastic fluctuations in lymphocytes (Pierson et al., 2000). These latently ingene expression in a mammalian system. fected resting cells constitute a small population, are extremely long-lived, are not believed to produce ap-Introduction preciable virus (Finzi et al., 1999), and are considered the most significant obstacle thwarting HIV-1 eradica-Historically, genetics was considered a largely detertion from a patient. While molecular determinants of ministic process where the presence or absence of a HIV-1 latency have been explored (Brooks et al., 2001; Jordan et al., 2003; Kutsch et al., 2002), there has been gene conferred alternate phenotypes. Nondeterministic no conclusive identification of host cellular factors that genetics (i.e., variegated or mottled phenotypes) were direct a T lymphocyte to become latent. The HIV-1 Tat known to exist but were limited to examples of epigeprotein, however, appears to be vital in viral pronetic heterochromatin spreading, such as position efgression to latency (Jordan et al., 2001; Lin et al., 2003). fect variegation (PEV) in Drosophila (Reuter and Spierer, After integration into a semirandom position in the 1992). Recently, however, common gene regulatory mohuman genome (Schroder et al., 2002), HIV-1 is thought tifs, such as positive and negative feedback loops, to establish a low basal expression rate that depends have been shown to produce variegated phenotypes upon the integration site (Jordan et al., 2001). Tat, Rev, based solely on stochastic fluctuations, or noise, in and Nef proteins are then produced initially at a low their molecular constituents. When gene expression is basal rate from multiply spliced short transcripts. In the cytoplasm, Tat, CDK9 and CyclinT1 bind to form the *Correspondence: leor@princeton.edu (L.S.W.); aparkin@lbl.gov positive transcriptional elongation factor b (pTEFb). (A.P.A.) pTEFb is subsequently imported into the nucleus where 6 These authors contributed equally to this work. it is acetylated (Kaehlcke et al., 2003) and amplifies 7 Present address:
merase II (RNAPII) from its stalled position on the HIV-1 sitioned 3# of the internal ribosomal entry sequence (IRES), somewhat analogous to its position in HIV-1 long terminal repeat (LTR). Tat transactivation thus amplifies viral transcriptional elongation w100-fold and downstream of multiple splice acceptor sites. The IRES, known to reduce expression of the second cistron at thereby increases mRNA products from the viral genome to establish a very strong positive transcriptional least 10-fold relative to the first cistron (Mizuguchi et al., 2000) , was used to effectively enrich for low Tat con-feedback loop (Karn, 2000) . However, integrations in some regions such as heterochromatic alphoid repeats centrations, thus emulating HIV-1 integration into regions that generate low basal expression. To isolate the allow virtually zero basal expression (Jordan et al., 2003) . Therefore, two possible transcriptional modes effect of the Tat transactivation loop, no other HIV-1 genes were included in the vector. A vector lacking Tat exist: low/basal and high/transactivated. In general, low molecular concentrations and slow re-positive feedback (LTR-GFP, or LG) was constructed as a control. actions, which exist initially after viral infection, can exhibit large thermal fluctuations in reaction rates and molecular concentrations. Furthermore, positive feed-Low Tat/GFP Concentrations Are Unstable back (e.g., Tat transactivation) can amplify these fluctuin LGIT Infections ations to drive phenotypic variability. To test this hy-Jurkat cells were infected with the LG and LGIT lentivipothesis, we built a lentiviral model system containing ral vectors at a low multiplicity of infection (MOI < 0.1).
the Tat feedback loop, LTR-GFP-IRES-Tat (LGIT). Jurkat
LG-infected Jurkats expressed low GFP levels that apcells infected with LGIT exhibited stochastic switching peared stable over many weeks (Figure 2A ). By conbetween transactivated (high GFP expression) and untrast, LGIT-infected cells exhibited a population of transactivated (low GFP expression) states, and isohighly fluorescent cells at levels >50-fold above backlated clonal populations generated a variegated exground, referred to as Bright cells (>25 relative fluorespression phenotype, or phenotypic bifurcation (PheB). cence units, RFU, Figure 2C ). Although >90% of cells By contrast, a control virus lacking the Tat feedback were uninfected, most LGIT-infected cells appeared to loop exhibited a low, stable level of expression. In silico express GFP at high levels since subsequent stimulamodeling indicated that stochastic fluctuations in the tion with tumor necrosis factor α (TNFα) produced only Tat transactivation circuit were sufficient to account for a minimal increase in the GFP + population (Supplemen-PheB and predicted the expression dynamics of a mutal Data). Importantly, a small fraction of LGIT-infected tated Tat circuit that was subsequently experimentally cells (<1%) exhibited an intermediate level of fluorestested. Simulation and experiment therefore suggest cence between Bright and Off, which we refer to as that extended stochastic delays in viral transactivation Dim and Mid fluorescence (0.5-4 RFU and 4-20 RFU, are possible, and such a delay could generate proviral respectively). Furthermore, the fraction of cells in the latency.
LGIT Dim region ( Figure 2C ), also the low Tat concentration region (see Figure 3H ), appeared to fluctuate significantly over a period of days (Supplemental Data), Results consistent with the concept that intermediate expression levels may be unstable ( Figure 1B) . This fluctuation Computational Design of the LGIT Lentiviral Vector Previous work suggested that an HIV-1 provirus adopts or instability in the LGIT Dim region led us to examine the stability of all LGIT and LG fluorescence regions. one of two mutually exclusive expression modes (Jordan et al., 2003), a high Tat concentration transactivated Fluorescence activated cell sorting (FACS) was utilized to isolate w10,000 cells from different regions of GFP mode or a low/zero Tat concentration basal mode. However, the provirus may exhibit interesting expres-fluorescence: Off, Dim, Mid, and Bright (Figures 2A and  2C ). Post-FACS analysis verified that sorting fidelity sion dynamics between these two modes. Specifically, after viral integration into regions that permit only a was >98% (data not shown).
The LG Dim and Mid sorted subpopulations re-very low/slow basal rate, random fluctuations could be amplified by Tat positive feedback to generate stochas-mained completely stable for many months, though the Mid cells exhibited a small initial relaxation to the Dim tic pulses of Tat expression, thereby yielding a variegated expression profile. To test this hypothesis (Figure region with no additional relaxation over time ( Figure  2B) . Notably, no fraction of the Dim sorted subpopula-1A), a simplified stochastic simulation based on in vitro Tat transactivation dynamics was used to explore the tion relaxed into the brighter Mid region.
In parallel, analogous sorting experiments were per-low Tat concentration regime (see the Supplemental Data available with this article online; Gillespie, 1977), formed with
LGIT-infected Jurkats. Cells sorted from the Off region of GFP fluorescence remained stably Off, and it revealed a probabilistic, highly unstable region between the Tat transactivated and untransactivated whereas cells sorted from the Bright region relaxed over time into the Off region ( Figure 2D) . Bright-to-Off modes ( Figure 1B) . Intermediate Tat concentrations could either be stochastically driven by positive feed-relaxation kinetics are further explored below. However, this phenomenon appeared distinct from previously ob-back to turn the viral "circuit" on to a high expression state or decay to turn the circuit off, as seen in idealized served retroviral silencing (Jaenisch et al., 1982) since
LG sorted populations did not exhibit significant relax-viral circuits (Srivastava et al., 2002) .
To experimentally test this preliminary prediction, an ation kinetics ( Figures 2B and 3F) , and the reduced acetylation K50A Tat mutant exhibited faster relaxation HIV-1-based lentiviral vector LTR-GFP-IRES-Tat (LGIT) ( Figure 1C ) was constructed. GFP was used to quantify ( Figure 6D) , an effect explained below. In contrast, LGIT cells sorted from the Mid region the activity of the HIV-1 LTR promoter, and Tat was po- LGIT-infected cells sorted from the Dim region, which corresponds to low Tat levels (see Figure 3H ), and 2I) where the Mid population became significantly brighter over w10 days, as determined by a chi-square produced the most interesting GFP expression dy- namics. Seven days after sorting, the LGIT Dim sorted confirmed that the Dim region was unstable ( Figure 1B) . In contrast, LG Dim sorts did not exhibit any Mid-to-cells trifurcated into three GFP expression peaks that progressively evolved over time ( Figure 2E ). Initially, Bright relaxation or Dim region instability ( Figure 2B ). w30% of LGIT Dim sorted cells were in the Bright region, and the remaining 70% were distributed evenly
LGIT Clones Sorted from Low Tat/GFP Concentrations Exhibit PheB between the Dim and Off regions. Over a period of 3 weeks, however, the remaining Dim subpopulation
We have proposed that low basal expression rates may, after random intervals of time, produce small bursts of completely disappeared to leave only the Bright and Off subpopulations ( Figure 2F ). These relaxation dynamics Tat synthesis subsequently amplified by Tat positive Data are reported as the molar ratio (normalized to β-actin) of Bright sort expression to Off sort expression for each locus (i.e., fold difference in locus expression between Bright and Off sort). HIV-1 J expression was always significantly higher in the Bright sort as compared to the Off sort (Bright sort J expression was greater than Off sort J expression by w100-fold for E7-2, w10-fold for C8-1, and w1000-fold for G9-1), but the difference in expression of the nearest human gene was not statistically different in these subpopulations (p > 0.05). Error bars represent the standard deviation of 3 parallel qPCR runs from the same cDNA stock. E7-2, G9-1, and C8-1) . The LGIT PheB clones chosen this analysis also verified that each LGIT PheB clone for analysis integrated directly inside or adjacent to the carried a single, unique lentiviral integration in its gecorresponding human gene (LAT1-3TM, FoxK2, and nome and confirmed that the low MOI infections C11orf23). No difference in expression of the nearest genes was found between cells isolated from the Bright yielded single-integration events (Figure 4A ). To analyze region versus the Off region of these three PheB clones ( Figure 4D ).
feedback to yield transient and unstable pulses of Tat one with Bright and the other with Off fluorescence (Figures 3B and 3C). That is, a single LGIT clonal geno-expression. This hypothesis is supported by the expression dynamics of polyclonal populations of in-type split into two distinct phenotypes, which we term phenotypic bifurcation (PheB). By contrast, clones fected cells (Figure 2). To examine cell populations with uniform basal expression rates, the dynamics of clonal sorted from the LGIT Bright and the LG Dim regions produced only single-expression phenotypes (Figures

(7,8)
Furthermore, previous microarray analysis had deter-pTEFb acetylated → kTRANSACT LTR + mRNA nuclear (9) mined that the expression level of genes in the vicinity of PheB integrations was not altered by the chromatin + Tat deacetylated modifier TSA, indicating that these genes were not susceptible to PEV-like mechanisms (we thank E. Verdin for providing microarray data). Taken together, these data GFP → .g., CDK9, CyclinT1, 7SK, SirT1, p300) were ascircuit to examine which specific molecular properties sumed to be constant and "lumped" into effective rate could underlie all cases of PheB. Figure 4B (2) ing Tat concentration of 5-50 molecules, were necessary to generate PheB ( Figure 6A) 
and accurately reproduce
LGIT Dim and Mid relaxation kinetics (Figures 2E-2I) . Fields et al., 2001) , the initial Tat concentration necessary to yield PheB must be produced before the estab-(5,6) lishment of the low basal transcription rate (i.e., before Figures 2 and 3) . In all simulations, initial GFP concentrations corresponded to a Dim sort where GFP 0 z 30,000 molecules; initial Tat 0 R 1 indicates preintegration transcription, and crossed-out quadrants are logically unhelpful for mechanism discrimination.
nuc-1 plants onto the proviral LTR) or even before pro-cells in the transactivated mode, and this property proviral integration (i.e., preintegration transcription). Sigvided an opportunity to experimentally test the predicnificant evidence for HIV-1 preintegration transcription
tive capabilities of the stochastic model. The effect of exists (Wu, 2004) including the fact that Tat transcripts perturbing the Tat acetylation rate (k ACETYL in Equation can be detected within 1 hr of infection, even in the 7) in silico was examined, and moderate perturbations absence of integration (Stevenson et al., 1990) .
in k ACETYL (i.e., %30%) yielded no change in the Bright Cooperative feedback is known to induce multistapeak position but led to highly significant changes in bility (Lai et al., 2004) , and despite experimental evithe rate of decay from Bright to Off (Figure 6B ). This dence that argues against Tat cooperativity (Kaehlcke prediction was experimentally tested using a Tat muet al., 2003), we tested this possibility by analyzing sevtant containing a lysine-to-alanine (K/A) point mutaeral models that required two molecules of Tat to fully tion at amino acid 50, a position whose acetylation transactivate the LTR (Figure 5 ). In the physiological by p300 is important for transactivation (Kaehlcke et  parameter regime tested, Tat cooperativity produced  al., 2003) . This single K50A point mutation attenuates trajectories that showed continual transitions from Off acetylation, whereas the related double Tat mutation to Bright, inconsistent with experimental results (Fig-(K28A+K50A) is lethal to the virus (Kiernan et al., 1999 ) ure 2D). and thus could not be utilized in this experiment. Infec-To summarize, PheB could be generated in silico by tion of Jurkat cells with the LGIT K50A vector generated considering only the Tat acetylation cycle, preintegraa Bright peak equivalent to "wild-type" LGIT ( Figure  tion transcription, and a low k BASAL value. Although  6C) ; however, sorts collected from the LGIT K50A both simpler and more complex versions of Equations Bright peak decayed significantly more quickly than a 1-13 were explored (Figure 5) , these alternate models parallel LGIT Bright sort, in agreement with simulation were incapable of generating PheB under any parameresults ( Figure 6D) . Equations 1-13 also correctly preters tested. The results of Figure 5 were not qualitadicted a second aspect of expression dynamics, the tively affected by perturbing parameters 2-3 logs (i.e., decay rates of different LGIT Bright subregions (i.e., relsensitivity analysis) relative to all other parameters ative transactivation lifetimes, Supplemental Data). (data not shown).
Discussion
Stochastic Model Predicts PheB Decay and the Dynamics of a Mutated Tat Circuit
An integrated experimental and computational study Equations 1-13 predict that Tat acetylation dynamics play a vital role in determining the average lifetime of ( Figure 1A) was conducted to explore whether stochas- LGIT subpopulations were FACS sorted, and subpopulations that corresponded to is produced, the circuit is completed, and viral gene expression is strongly activated. However, it should be low Tat concentrations (i.e., Dim GFP fluorescence) were unstable and trifurcated into populations with emphasized that this genetic circuit is classically monostable. The high-expressing, transactivated mode Bright, Dim, or Off GFP levels (Figures 2E and 2F) . Clonal populations were generated from the unstable is merely a long-lived pulse resulting from transient positive-feedback amplification of small fluctuations in Dim region, and 23% of these bifurcated to simultaneously exhibit Bright GFP expression and Off GFP ex-Tat expression, and the stronger back reactions (deacetylation, degradation, and unbinding) eventually de-pression ( Figures 3B and 3C) despite the fact that all cells in a given clone contained single, unique LGIT activate the circuit. Thus, this long-lived stochastic Tat transactivation pulse, given enough time, eventually proviral integrations in the human Jurkat genome (Figure 4A) . Noise in cellular processes extrinsic to this Tat decays in this model system. Importantly, once Tat transactivation occurs with wild-type HIV-1, viral pro-transactivation circuit, including cell cycle, cell volume, aneuploidy, Tat secretion, and variegated local gene ex-duction rapidly ensues and kills infected cells within 1.7 days (Perelson et al., 1996) . pression, did not account for this phenotypic bifurcation ( Figure 4D; Supplemental Data) . However, the ge-The model predicted that perturbing the forward or reverse reaction rates would alter transactivation dy-nomic integration sites of PheB clones statistically differed from those of non-PheB clones ( Figure 4B) and namics. Indeed, the K50A Tat acetylation mutant, which would experience decreased forward reaction rates, may have generated low basal transcription rates. Lastly, in silico computational models of Tat transacti-displayed decreased transactivation lifetimes ( Figure  6D) . In further support of this model, experiments that vation suggested that Tat stochastics generated PheB (Figures 5 and 6 Another key aspect of the model in Figure 7A Transcription without integration has also been de-cell line. However, we also have evidence of PheB-like behavior in other cells lines (SupT1 and HeLa cells). tected in human primary CD4 infected with wild-type HIV-1 (Wu, 2004) 
and in integrase-defective lentiviral
These observations could be explored in primary CD4 T cell cultures, but it is uncertain whether they will exhibit vector infections in culture (Nightingale et al., 2004) . Preintegration transcription implies that the time to pro-PheB-like HIV-1 expression since primary T cell cultures can only be maintained in culture in a transcrip-viral integration may be one stochastic process leading to PheB and therefore potentially latency, since the tionally overactivated state (via anti-CD3 or phytohemagglutinin) that would stimulate high basal HIV-1 amount of time the HIV-1 preintegration complex remains unintegrated could influence the amount of pre-expression rates. In support of this assertion, 293 kidney epithelial cells, known for high levels of NF-κB acti-transcribed Tat. Importantly, preintegration transcription is only necessary to explain PheB, a case when vation (Horie et al., 1998) and thus high HIV-1 LTR activation, did not exhibit relaxation kinetics or PheB the integration-dependent basal rate is predicted to be exceptionally low. Integrations near Alu elements or (Supplemental Data). It should also be noted that while Tat stochastics could play a role in delaying HIV-1 genes endowed with a relatively high basal rate would rapidly induce a strongly transactivated circuit and transactivation and contributing to latency, reactivation of HIV-1 from latency, analogous to TNFα stimulation, overshadow the effect of a small, early transcriptional burst.
would strongly upregulate HIV-1 gene expression and abrogate PheB. There are several areas for further potential development of this work. Equations 1-13 present a minimal Future studies are also needed to explore the correlation between PheB and integration near HERV LTRs. model that is capable of predicting and gaining molecular insights into the process of phenotypic bifurcation, HERVs occupy w1% of the human genome and are believed to be the remnants of ancient germ-cell ret-and analogous modeling approaches have been extremely successful in describing complex biological roviral infections that occurred 10-60 million years ago (Sverdlov, 2000) . HERVs have been reported to exert phenomena, such as HIV-1 in vivo dynamics (Perelson 
